A high-voltage glow discharge -operated at several thousand Volts -is described by a hybrid model in which we apply kinetic simulation for the fast electrons and fast heavy particles (He þ ions and neutral atoms). In the model we take into account the increase of the gas temperature, and calculate the apparent secondary electron yield at the cathode from the fluxenergy distributions of heavy particles. The results of the simulations show that electron production at the cathode is dominated by the impact of fast neutral atoms (ejecting %75% of the primary electrons) and that ionization of the gas atoms by fast heavy particles contributes significantly to the ionization balance of the discharge. A fair agreement is obtained between measured and calculated electrical characteristics and potential distributions, and the calculations confirm the existence of the high-energy electron beam observed experimentally.
Introduction
The phenomena taking place in abnormal DC glow discharges -usually operating in the $Torr pressure range at a voltage of few hundred Volts -have thoroughly been investigated theoretically using different approaches during the past decades. [1] [2] [3] [4] [5] On the other hand, low-pressure glow discharges operating at more extreme conditions, at voltages of several thousand volts, have rarely been studied by selfconsistent models. Such discharges have important applications, e.g. as high-current electron guns. The experimental investigations [6] [7] [8] of the discharge arrangement studied in this paper (equipped with a concave cathode) have indeed been motivated by this application. The experimental discharge arrangement consists of parallel %10 cm-diameter disk electrodes made of aluminium, to minimize cathode sputtering. The discharge has been operated in helium at pressures between 3 Pa and 30 Pa, electrode separations of 20-30 cm, and voltages ranging from 1 kV to 5 kV. The voltage-current-pressure characteristics of the discharge, the potential distribution in the gap, and the energy distribution of fast electrons at the anode have been determined experimentally. [6] [7] [8] Subsequently, measurements of the temperature of the electrodes have also been carried out. 9) The experiments have also shown that the properties of the discharges with plane and concave cathodes are very similar, except for the focusing of the beam of fast electrons in the case of the concave cathode.
In this paper we present a simulation study of this highvoltage glow discharge. [6] [7] [8] The aim of the present study is to obtain information about the importance of individual elementary processes and about the self-maintenance mechanism of the discharge (processes of charge reproduction), through self-consistent simulations.
In noble gas discharges operating at low discharge voltages (200-300 V) the charge reproduction may be attributed to a good approximation to electron-impact ionization and secondary electron emission from the (cold) cathode due to impact of positive ions. In fact, models based on this simplification have successfully been applied in studies of many different types of discharges during the last decade. Meanwhile, it has also been realized that at higher voltages (600-800 V, typical e.g. for glow discharge cells used in analytical spectroscopy 10, 11) ) additional processese.g. ion-impact ionization -also contribute to the charge production.
Regarding the self-maintenance of the discharges, studies of breakdown conditions and low-current discharges in argon gas, carried out by Phelps and Petrović, 12) have shown that at high reduced electric fields E=n ! 10{20 kTd (1 Td = 10 À21 Vm 2 , E is the electric field and n is the gas density) fast neutral atoms also contribute significantly to the electron emission from the cathode. Fast neutral atoms originate from charge and momentum transfer collisions between noble gas ions/atoms and thermal buffer gas atoms. While a positive ion traverses the cathode sheath it may create several fast atoms (which can create additional fast atoms through momentum transfer collisions). This way the flux of fast atoms may significantly exceed the flux of ions at the cathode. (Due to their high flux, fast atoms may also dominate the sputtering of the cathode. 13, 14) ) Earlier studies of breakdown in helium gas have indicated that the importance of fast-atom-induced secondary electron emission exceeds that induced by He þ ions at reduced electric fields E=n ! 20 kTd. 15) Taking into account that in our high voltage discharge the reduced electric field at the cathode may reach values as high as $60 kTd, 6) we expect fast-atom-induced electron emission to be an important process, unlike in low-voltage discharges. We also expect that ionization by fast heavy particles becomes important in the cathode sheath due to the high values of E=n. The importance of these processes is analyzed in our model by including/neglecting them in the simulation. Besides the processes discussed above we also investigate the effect of gas heating as well as the effect of the reflection of fast electrons from the anode of the discharge.
In §2, the simulation model is described in detail. Section 3 presents the modeling results and compares them with the experimental data where available. Section 4 gives the conclusions of the work.
Simulation model
Our simulations are based on a hybrid model 10, 11, [16] [17] [18] [19] [20] [21] [22] that combines the fluid description of helium ions and slow electrons with the Monte Carlo simulation of fast plasma species: fast electrons, helium ions and fast neutral atoms.
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The model is one-dimensional in space, but the Monte Carlo simulation uses all the three velocity coordinates.
In the cathode fall region electrons acquire high energy. As their free path can be comparable to the length of the cathode sheath, the transport of fast electrons is nonhydrodynamic, 23) only a kinetic description (e.g. the solution of the Boltzmann equation [24] [25] [26] [27] [28] [29] or Monte Carlo simulation 30, 31) ) guarantees a correct description of their motion and makes it possible to calculate an accurate ionization source function. For the slow electrons which are no longer able to ionize the gas, the hydrodynamic treatment is sufficiently accurate, so these electrons can be described with a computationally more effective fluid model. In our model we use the usual way -applied in hybrid modelsto distinguish between fast and slow electrons. 3, 32) We treat the electrons as fast electrons as long as they are able to ionize (their energy is higher or may become higher than the ionization potential of the gas). When they are no longer able to produce any ionization of the gas, they are transferred to the slow electron group.
In our model we also describe the motion of the helium ions and fast neutral atoms in the cathode sheath by Monte Carlo (MC) simulation, in order to calulate the flux-energy distribution of these particles at the cathode surface and the heating power deposited into the gas through collision processes (see later).
In summary, we use Monte Carlo simulation for (i) the fast electrons in the whole discharge and (ii) for positive ions and fast neutral atoms in the cathode sheath. The fluid model covers the whole discharge region, although, as it will be shown later, no slow electrons exist in the cathode sheath. As for the ions, the Monte Carlo simulation is used to obtain their energy distribution at the cathode, while their density is calculated in the fluid model.
In hybrid models the 'apparent' secondary electron emission coefficient (the ratio of the electron current to the ion current at the cathode) is usually defined as an input parameter. Until recently most of the models have used a constant value for , even for a wide range of discharge conditions. Recent studies have, however, shown that (and consequently the calculated discharge characteristics) may depend considerably on the actual discharge conditions. 12, 22, 33, 34) Because of this, in our present model we calculate from the flux-energy distributions of fast He þ ions and fast He atoms at the cathode surface. We assume that these two species play the dominant role in secondary electron emission.
Additionally, in our model we take into account the temperature increase of the gas, and calculate the temperature profile between the electrodes in a self-consistent manner. (The temperature increase results in a decreased gas density in the discharge region, whilst the pressure remains constant in the system.) The reflection of fast electrons from the anode is also included in the model, as well as the reflection of fast neutrals from the cathode. Due to the flexibility of the model the effect of individual processes on the results can easily be determined.
The fluid model
The fundamental quantities in the one-dimensional fluid model are the electric potential and the density of slow electrons and He þ ions. Particle balance for these species is expressed by the continuity equations:
where n e and n i are the electron and ion densities, e and i are the electron and ion fluxes and S e and S i are the source functions of slow electrons and He þ ions. The fluxes are calculated on the basis of the drift-diffusion approximation:
where e and i are the mobilities of electrons and ions, respectively. E ¼ À@V=@x is the x component of the electric field and V is the potential:
where e is the elementary charge and " 0 is the permittivity of free space. 
where T is the gas temperature in Kelvin, p is the gas pressure in Torr and E is the electric field strength in V/ cm. 36, 37) The S i ðxÞ and S e ðxÞ source function are calculated in the MC simulation modules.
The Monte-Carlo model
The motion of energetic particles is traced using MC simulation. In this algorithm random numbers are used to determine the positions and the types of the collisions.
Electrons are traced by MC simulation from the moment of their emission from the cathode until (i) their total (kinetic+potential) energy falls below the ionization potential of the gas, or (ii) they reach the anode. Energetic electrons hitting the anode can also be absorbed or reflected and can initiate secondary electron emission.
Positive ions and fast neutral atoms in the cathode sheath are traced (i) until they reach the cathode, or (ii) in the case of the fast atoms, their energy falls below an energy limit of 27=2k B T that is used to distinguish between fast and thermal atoms. 38) When the energy of a fast atom becomes less than this threshold, the particle is no longer traced, and its energy is transferred to the power source term for the gas heating calculation.
38) The fast heavy particles that reach the cathode surface can be absorbed or reflected with a certain probability and with a fraction of their kinetic energy.
39)
The trajectory of a particle between successive collisions is followed by direct integration of the equation of motion:
where m and q are the mass and the charge of the particle, respectively. The free path is assigned statistically and the positions of the collisions are calculated from
where s 0 is the position of the last collision and s 1 is the position of the next collision measured on the curvilinear abscissa s; n is the background gas density, is the sum of cross sections of all possible elementary processes, " is the kinetic energy of the particle and R 01 is a random number with uniform distribution in the [0,1) interval.
31)
The types of the collisions which occur after the free flights are chosen statistically, taking into account the values of cross sections of different processes at the energy of the colliding particle.
Elementary processes
In the gas phase we take into account elastic, excitation and ionization collision processes of electrons, He þ ions and fast He atoms with the background gas. The processes are listed in Table I (with their literature sources indicated) and their cross sections are plotted in Fig. 1(a) .
The initial energy of the electrons leaving the cathode is chosen randomly between 0 and 10 eV, 43) and their initial velocity is set perpendicular to the cathode surface. Some of the primary electrons are backscattered to the cathode, for such electrons we take into account elastic and inelastic reflection/reemission 44) and absorption at the cathode. The scattering of the electrons in elastic and excitation collisions is assumed to be isotropic. Excitation may occur from the ground level to one of the seven levels or group of levels (2 3 S, 2 1 S, 2 3 P, 2 1 P, 3SPD, 4SPD, 5SPD). The cross sections of electron impact processes are taken from. 36) He þ ions in the gas are accelerated towards the cathode. Gaining energy from the electric field these particles are able to take part in elastic and inelastic collision processes listed in Table I . Elastic collision processes are important sources of fast neutral atoms. The ions as well as the fast neutrals are also able to excite and ionize the background gas atoms. The cross section of the isotropic part of the elastic He þ +He collisions (Q i ) is taken from Phelps, 45) while the charge transfer cross section (backward part of elastic scattering, Q b ) is obtained from the momentum transfer cross section (Q m ) as Q b ¼ ðQ m À Q i Þ=2. 46) In isotropic collisions the scattering and azimuth angles are chosen to reflect isotropic scattering in the center-of-mass (COM) frame. The energy sharing of the collision partners is determined from the scattering angles.
10) The cross section of the elastic He(f)+He collision in isotropic approximation is Q a i ¼ ð3=2ÞQ v , where Q v is the viscosity cross section. 45) The MC simulation of the fast heavy particles in the cathode fall makes it possible to calculate the apparent secondary emission coefficient at the cathode from the fluxenergy distributions of fast ions and atoms, 22) this way providing information about the maintenance mechanism of the discharge. Using energy-dependent electron yield values for positive ions i ð"Þ and fast atoms a ð"Þ the apparent secondary electron yield can be calculated as:
where N i and N a are the number of ions and fast atoms arriving to the cathode, and " k is the energy of the k-th ion or atom. In a self-sustained discharge this apparent is equal to the ratio of electron and ionic current at the cathode surface.
The i ð"Þ and a ð"Þ functions used as input data of our model are shown in Fig. 1(b) . For i ð"Þ [He þ ! Al impact] the data of Hasselkamp 47, 48) are used. At energies below 1200 eV i ð"Þ is assumed to be constant. Due to the lack of data in the literature for a ð"Þ [He(f) ! Al impact] we assumed that the ratio of a ð"Þ to i ð"Þ is the same as the ratio of secondary yields of He(f) ! Cu and He þ ! Cu processes, for which experimental data are available. 49) These data correspond to cathode surfaces under laboratory conditions. It is noted that the secondary electron yields measured under ultra-high vacuum conditions are significantly different and cannot directly be applied for glow discharge simulations.
12)

Gas heating
Modeling studies of abnormal glow discharges 35, 38) have indicated that at current densities in the mA/cm 2 range the increase of gas temperature may already be considerable. While our discharge operates at lower current density, due to the higher voltage and lower pressure it is appropriate to take into account gas-heating effects.
Energy to the background gas is transferred mainly from the thermalization of fast neutral atoms created in collisions between fast heavy particles and buffer gas atoms. The gas temperature distribution T g ðxÞ is calculated similarly to that described by Revel et al.
35) The heat conductivity equation:
where PðxÞ is the gas heating source term and ¼ 0:143 Wm À1 K À1 is the thermal conductivity of helium gas, is solved with the boundary conditions: 35) (1) given anode temperature T a , and (2) specified temperature gradient in front of the cathode:
where is the thermal accommodation coefficient, C p is the specific heat of the gas at constant pressure, m p , n s and v s are the mass, the density, and the average thermal velocity of He atoms in front of the cathode, respectively, and ÁT s is the ''temperature jump'' at the cathode surface (the difference of the cathode temperature T c and the gas temperature in front of the cathode T s ). The thermal accommodation coefficient describes the extent of energy exchange between the cathode and the slow particles colliding with it. At ¼ 1 the backscattered particles attain the temperature of the cathode, while at ¼ 0 no energy exchange occurs during the reflection. In our calculations we used the value ¼ 0:5. The T c and T a values for the different discharge conditions are taken from experiments 9) and are used as input data of the model. For the interaction of fast particles (that can have up to several thousand eV energy in the cathode sheath) with the cathode surface different assumptions are used in the modeling literature. In the present model it is assumed that the particles are reflected from the cathode with a fraction of their kinetic energy.
The gas heating term PðxÞ -arising from the thermalization of fast heavy particles -is calculated according to the procedures described by Bogaerts et al. 38) He þ ions as well as fast neutral atoms [He(f)] originating from He þ +He and He(f)+He elastic collisions are traced by the Monte Carlo model. When these species participate in collision processes they transfer energy to the atoms of the buffer gas. The fast atoms finally distribute their energy to several additional atoms which leads to the heating of the background gas. The simulation makes it possible to obtain the spatial distribution of collision events and the amount of energy transferred to the gas, which -after proper normalization -gives the PðxÞ gas heating source term.
Results
The results of the calculations are presented for a constant electrode separation L ¼ 28 cm, a voltage of V ¼ 4000 V, and for three values of current: I ¼ 1 mA, 5 mA, and 20 mA. Due to small uncertainties in pressure measurement in the experiment we adjust the gas pressure in the calculations in a way that the calculated values of current match the experimental ones. Figure 2 (determined from the extrapolation of the linearly falling part of EðxÞ to zero field), d c % 10 cm and 6 cm, respectively, for the above values of the current. The space beyond the cathode sheath is filled by the negative glow. At I ¼ 1 mA the cathode sheath occupies the whole discharge region, the negative glow is not formed. At the higher values of the current (5 mA and 20 mA) the simulations show the existence of an electric field reversal in the negative glow part of the discharge, the electric field at the anode is slightly negative. The enlarged part of the potential distribution as plotted in Fig. 3(b) shows a plasma potential %8 V higher than the anode potential. The position of the field reversal (which coincides with the position of the maximum of the potential) is located at d f ¼ 19:7 cm, and 17.2 cm, respectively, for I ¼ 5 and 20 mA. We find that for these values of the current the field reversal position is situated halfway between the position of the sheath-glow boundary and the anode. This behavior is in excellent agreement with the predictions of the analytical model of Boeuf and Pitchford. 50) According to their model the field reversal position, d f , depends only on the electrode distance L, the length of the cathode sheath d c and the energy relaxation length of the fast electrons :
where
As it will be shown later, the energy relaxation length of the electrons in our discharge is much longer than the electrode distance, ) L. Consequently
, in agreement with our observations. Experimental data for the potential, measured by emissive probe technique, 7) for the I ¼ 5 and 20 mA cases are also plotted in Fig. 3(a) . The results of the calculations are in a fair agreement with the experimental data.
The ionization source functions S i ðxÞ, shown in Fig. 4 for the 1, 5, and 20 mA cases, indicate that apart from the electron impact ionization, there is a significant source of ions due to the ionizing collisions between fast heavy particles and the background He atoms. Moreover, this latter part of the ionization source peaks near the cathode. This way the electrons created through this channel have a possibility to create additional electron avalanches, just like the primary electrons do. This effect strongly enhances the overall ionization rate in the discharge. The importance of heavy particle ionization decreases with increasing discharge current. At 1 mA 32% of the ions are created in heavy particle processes. This ratio drops to 14% at 20 mA. In lower voltage glow discharges the electron impact ionization rate (and similarly the electron impact excitation rate) peaks at (or very near) the cathode sheath -negative glow boundary 51) and decays nearly exponentially beyond this point. 52) In the present case we observe only a very slow (if any) decay of S i in the negative glow. This shows that the gap is too narrow for the electrons to deposit their energy before reaching the anode, i.e. their energy relaxation length is much longer compared to the electrode distance. Figure 5 shows the density distribution of charged particles in the discharge gap. The two different regions can clearly be distinguished at I ¼ 5 mA and 20 mA. The ion density is relatively low in the drift dominated cathode sheath. In this region the density of slow electrons is negligible [as shown in Fig. 5(b) ] as they cannot enter this region from the negative glow, due to the high electric field gradient. Figure 5 (b) also shows the density of fast electrons (obtained from their MC simulation). In the negative glow the density of slow electrons exceeds the density of fast electrons by about three orders of magnitude. At the lowest current investigated (I ¼ 1 mA) a fairly uniform ion and electron density is present in the discharge gap. The ion density exceeds the density of fast electrons by two orders of magnitude.
The flux-energy distribution of fast heavy particles is plotted in Fig. 6 for I ¼ 1 mA and 20 mA. As a He þ ion passes through the cathode sheath it may participate in a number of charge (or monentum) exchange collisions. In each of these collisions a fast atom can be created. These fast atoms further distribute their energy to several other atoms, consequently the total flux of fast neutrals to the cathode is significantly higher compared to that of the He þ ions. The energy distributions show a higher number of energetic species at 20 mA. This is explained by the lower value of pd c in this case (being 47 Pa cm) compared to pd c % 100 Pa cm in the case of I ¼ 1 mA. (The number of collisions in the cathode sheath is approximately proportional to pd c ).
In Fig. 7 the temperature distribution of the background He gas is shown for the three discharges I ¼ 1, 5, and 20 mA. The temperatures of the cathode for these conditions are 300 K, 310 K, and 340 K, respectively, while the anode temperatures are 300 K, 315 K, and 365 K.
9) The temperature increase of the electrodes and of the gas becomes significant as the discharge current increases. A temperature increase of more than 40% -in comparison with room temperaturecan be observed in the 20 mA case. This temperature rise already has important consequences to the discharge processes due to the reduction of the gas density thereby modifying the free path of the particles. As primary electrons leave the cathode they are soon accelerated to energies far exceeding the energy corresponding to the peak of inelastic cross sections. As a consequence of this many of the primary electrons fly through the cathode sheath and even the whole discharge gap without inelastic energy losses. Figure 8 6) Approximately 35% of the fast electrons at the anode have an energy higher than 3900 eV for all investigated discharge conditions. Consequently, the electron-reflecting properties of the anode material strongly influence the ionization rate in the discharge.
The apparent secondary electron emission coefficient at the cathode is found to be % 0:96 for the investigated discharge conditions. This high value of includes a contribution of fast atoms; for all of our discharge conditions investigated %75% of the electrons are emitted due to fast atom impact. The ratio of the fluxes of fast neutral atoms and ions at the cathode varies from about 10 : 1 for 1 mA to 8 : 1 for 20 mA. The secondary electron yield is approximately 0.24 (in all cases) per 'average' ion and 0.072 to 0.097 per fast atom, respectively. According to eq. (8) the contribution of fast atoms to the secondary emission is added to the contribution of the He þ ions and this results in a high apparent secondary emission yield.
As mentioned in §1, we also investigate the effect of individual elementary processes by including/neglecting them in the simulation. The results of this study are illustrated for the I ¼ 5 mA case. As some of these changes influence drastically the ionization balance of the discharge, we have decided to change the gas pressure and sustain a fixed current during this study. As Fig. 2 shows, ''turning off'' the gas heating mechanisms the fixed current of 5 mA can be established at 11% lower pressure compared to the pressure obtained in the full simulation. In contrast with this, when we neglect ion-impact ionization, the reflection of fast electrons from the anode of the discharge, or neglecting all processes involving fast atoms, we need to set a gradually increased gas pressure. Without considering the processes of fast atoms the pressure needs to be increased by %60% to keep the fixed current of 5 mA. Only this higher pressure can compensate for the loss of charged particle creation by the neglected processes. These results indeed reveal the importance of the selected processes.
Although our model is one-dimensional we have also tested the effect of the discharge tube wall (present in the experiment) on the transport of fast neutral atoms. We have found that taking into account the collisions of fast atoms with the wall reduces their flux to the cathode surface by 20% to 30%, depending on the gas pressure. The effect becomes pronounced at lower pressures where the cathode sheath is long, and is less important when the length of the sheath is less than the diameter of the discharge tube. The wall losses also reduce the contribution of the fast atoms to the secondary electron emission, the apparent electron yield reduces to ¼ 0:73 at 1 mA, and to ¼ 0:86 at 20 mA. As it can be seen in Fig. 2 , however, the inclusion of wall losses has relatively little influence on the calculated pressurecurrent characteristics.
Summary
We have investigated thorugh hybrid modeling a highvoltage glow discharge in helium gas. It has been found that several properties of the discharge differ significantly from those of conventional glow discharges operated at voltages of few hundred volts.
Our simulations have shown that in the high-voltage lowpressure helium discharge (V ¼ 4000 V, L ¼ 28 cm) investigated:
. a significant part, %75% of the electrons is emitted from the cathode due to the impact of fast neutral atoms, originating from heavy-particle collision processes, as predicted by Fukao et al., 6) . fast ion/atom+He collision processes play a role as additional important sources of ionization, . there is a significant flux of beam electrons at the anode, in agreement with experimental observations. This observation confirms that such high-voltage discharges can be applied as sources of electron beams and modeling may assist their optimization, . Heating of the gas and of the electrodes plays an important role, under the discharge conditions investigated. 
